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ABSTRACT

InJune 1991, the NASA/Jet Propulsion Laboratory airborne
SAR (A IRSAR) collected the first calibrated multi-channel SAR
observations of the Greenland ice sheet. Large changes in radar
scattering are detected across dillere nt welting zones. In the dvy -
snow zoune, Rayleigh scattering from small snow grains dominates
at C-band. la the soaked-snow zone, surface scattering domi-
nates, andan inversion technique was developed to estimate the
diclec tric constant of thesnow. Theradar propertics of the per -
colation zone arcin contrast unique among terrestrial surfaces,
but resemble those fromthe icy Galilean satellites. Thescatter-
ers respon sible for the percolation zone unusual echoes are the
massive ice bodies generated by swmmer melt in the cold, dry,
p orous firn. An inversion model is developed for estimating the
volume of lllclt-water iceretainedcachsummerinthe percolation
zone from multi-channel SAR data. The results could improve
current estimates of the mass balance of Greenland, and could
help monitor spatial and temporal changes in the strength O f
summer inclt in Greenland with a sensitivity greater thanthat
provided by altimneters.

INTRODUCTION

Anunderstanding of the geophysical chavacteristics of polar ice
sheets and snow masses and of thelr time evolution with changing
cnvironmental conditions is esseutial to climate modeling. The
first examples of SAR observations of the Greenlaudice sheet [I-
4] haveshown great promise for monitoring applications of the
changing hydrology of polaricesheets as aresult of atmospheric
warming. llere, we report result fromthe first calibrated multi-
channel SAR obscr vations of Greenland collected by AII{SAI{ in
June 1991, The goals of the experiinent were to record radar
echoces from different melting zones of the Greeniland ice sheet
andthen to relate theseradar observations to the snow and firn
physical properties. ¥ig. 1shows the flight track of All{ SAI{; the
location of 3 ice cainps where glaciologists recorded snow stratig-
raphy, grain size, density, and temperature; and the 4 melting
zones characterizing different degrees of melting of theice sheet
inthe summer [5].

AIRSAR operates at C-, I~,and 1'- band frequencies (5.6,
24, and G6&-c1n wavelengths), and records the complete scatter-
ing matrix of each resolution eleinent at ecach frequency.  The
radarechoes areinternally calibrated. The calibration was cross.
checked using the radar res ponses of trihedral corner reflectors
deployed at Crawford Poiut prior to flight. The results indi-
catc a calibration accuracy better than 1-'2 dB for § > 30°. ¥or
O < 30", the C-bandradar cross-scctions arc underestimated by
afew dBs, w hereas the polarimelric characteristics seem correct.
Radiometric calibration errors may be caused by processing ay-
tifa cts duc to the shorter integration thme, or to errors in the
predicted response from cor ner reflectors which point more than
15° away fromihe radar lobe di rection. The systemnoiselevel,
dominated by thermal noi se from the radar receiver, varies with
therecciver’s gainsettings, frequency, polarization, and also with
the range distance after range and azimuth compressions. The
SNK was found to }e large over the percolation facies, bUt poor

in the soaked- and dry-snow facies at large incidence angles. The

apparent increaseinafyy for O 2 60°inFig. 2 is duc to thermal
noise and not to scattering.

AN ALYSIS OF RADAR SCATTERING

We examined SAR scenes collected in 3 of the 4 melting snow
zones of Fig. 1. The most striking obser vations are from the
percolation zones, but interesting results ave also obtainedin the
dry- and soaked-snow zones.

Dry-snow zone: Radar returns are low at al 3 frequencics,
and mostly difluse at C-baud, which is consistent with volumne
scattering from dry snow grains. Model predictions basedon
Rayleigh scattering fromn a half-space of dry-snow agree withi the
AIRSAR micasurements at C-band (Fig. 2), but underestimates
the radar returns at I- and P-band. The longer wavelengths are
probably sensitive to more deeply buried denser snow layers of
larger snow grains, with a reduced pore space. Additional scenes
will beprocessed to detect eventual spatial variations insuow
properties within the dry snow zone.

Soaked-snow zone: Video imagery and 35 mm photos taken
during the ATRSAR flight show that areas of low backscatter in
the C-band imagery (IYig. 3) have also low radiances at visible
optical frequencies andlikely €OTrespond to areas of wet snow ac-
cumulating inlocal surface depressionsandsurrounded by drier
snow patches. C-band radar returnsare low in wet snow because
the snow layer is smooth and highly reflective, and are high in
dry snow because of volume scattering from suow grains, Spa-
tial variations in radar backscatter a 1-band (not shown) are
different, a result of the deeper penetration of theradarsignals,
revealing subsurface features of higherradar reflectivity among
the wet mow patches detected at C-baud. P-band data (not
shown) reveal buried cracks and crevasses that are not visible at
C-band,

W c used the inversion technique of vanZylet a. [7] to infer
the diclectric constant ¢, and the rins height b of the reflecting
surface fromthe SAR scene of Fig. 3. The algorithm is valid for
naturalterrain dominated by surface scattering, and uses HI1I-
and VV- polarization at one frequency, preferably one for which
A >>h.The results at C-band are not satisfactory indry snow
arcas because volumne scattering from snow grains is falsely in-
terpreted as resulting from rough surface scattering. The cor re-
sponding pixels €211 be separated using 0§y, > - 28 dB. Pixels
for which &> 5 cm, whick corresponds to sl\o\V'-frcc bedrock,are
also removed because the estimation of ¢ is not reliable, In the
remaining areas, f, and h have consistent values across range (the
inversion technique is robust with incidence angle variations):
= 0.8 40.3 cin, a smooth surface, and ¢, = 3.0 40.5, i.e. wet
snow with a liquid water content about 104 2% (¥ig. ¥..33 [8]),
which is within the range of values mcasured a the Swiss Camp.
In addition, theiuversionresults reveal patches of standing wa -
ter 01 thawed lakes (¢, > 20), as verified from the video imagery.
These water formnations would be difficult to identify from C-
band VV orl-band 1111 data alone, illustrating the interest of
polarietric inforination. At 1- band, the results are complicated
by the deeper penetration of thesignal. ¢, of “wetsnow arms”
is~ 3, but i 5 cnis larger than at C-band, suggesting that
L-baudsignals penetrate the Shallow layer of wet snow and in-



teract witharough interface of glacierice (¢, = 3.2 (9D 7 hiwed
lakes apprarmore clearly than at C-band.

The inversion results show that SAR could help map snow
wetness in the G reenland soaked-snow zot 1e, thereby providing
valuableinformation for estimating surface flaxes andfresh watey
production over the ice sheet.  C-bandVVfrom RS- 1 (0111(1
scpar at ¢ wet snow fromdry snow, but theaddition of at least one
polarization (c.g. C-band HH from R ATYARSAT) could permit
a more reliable mapping of snow wetness.

Percolation facies: Unusually strong radar reflectivities and
large cirewlar (g = 65/ 05, where R and 1, meanright andleft
circular polarizations) and linear (sig, = 0§ /0fy;) polarization
ratios arerecordedat C- and 1,- bandfromthe percolation facies.
To the best o o111 knowledge, 110 other terrestrial sut face shows
similar rada r proper ties, and the only other ki iown objects with
similar exotic radar propertics are the icy Galilean satellites of
Jupiter [10-1 1). Theradar signatures from the percolationzone
show a diflerent behavior at 68-cin wavelengtl 1 (Fig. 4) and at
stiall incidence angles, but this is not surprising since the sub-
surface structures responsible for the unusual radar echoes from
Greenland and from the icy satellites probably are radically dif-
ferent. Nevertheless, the Greenland’s percolation zone provides a
uniquely accessible, natural laboratory for studying exotic radam
processes in a geological context and for improving our under-
standing of radar Scatter'illp; fromndistanticy objects,

Years ago, ZwallY [12] suggested that the low cmission piop-
ertics of the percolation zone could be (1w to volume scattering
from ice features buriedin the firnand created by summer melt.
Swiftet al, [1] also noted unusual radar reflectiv ities from the
percolation fucies, and suggested that radars could estimate the
density of thescice features. Recemt surface-based radar obser-
vations a Crawford Point [13] atb.4and 2.2 cwfurther indicate
that most of the scattering takes place in the most recent an-
nuallayer of buried ice bodies, andthat surface scattering from
the top 20 amn of theice sheet dominates at small incidence an -
gles The exact scattering mechanism responsible for the un-
usual echoes is gill unk nown, and little information is available
about the spat ial distribution and geometric characteris tics of ice
lenses, 1ayers, andpipes [5, 14-16], Rayleigh scattering docsnot
explain the radar properties of the percolation facies because the
radai cross- sections do not decrease as A4, and even large snow
grain s call not generate the oy, values recorded it the percola -
ticm zone. Similarly, naturalrough surfaces of kial,clc,lip,tll-size,
rius height (A > 25 cm) do not seemn capable of gencrating radar
signals similar to those recorded iun the percolation zone.

Coherent backscatter is capable of interpreting theradar prop-
criies fromthe icy satellites [17] and is consistent with their ge-
ology and formation history [10]. Colicrent backscatter occurs
when clectromagnetic waves traveling along time-reversed paths
constructively interact in the back scattering direction, yiclding
cnhanced 1adar reflectivities, and preserving the handedness o f
circular-polarized signals (as opposed to specular reflections).
Coherent backscatter only requires a low-105s medium, i.c,Jong
photon pathlengths. High radar reflectivities aad circular polar-
ization ratios greater than unity occur when the scatterers in the
lossy medium are larger in size than the radar wavelength [18],
and whew the dielectric constrast is low [19]. Given typical sizes
of icelayers andice pipes [5, 14-1 G], and the relative tra n sparen ¢y
of dry, cold saow at microwave frequencies, coherent backscatter
frommassive ice inclusions created try suminermeltevents could
explain the radar echocs from Greentand. Coherent backscatter
however predicts [19] that jic: should decrease with increasing 8,
whercas AIR SAR shows the opposite trend. This discrepancy
could be duie to strong backreflection from wind crusts present in
the top 20 cinof the ice sheet [13] which could yield small values
of #c and jiy, at swall incidence angles.

Since jce layers and ice pipes are anisotropic scatterers larger
insize than the wavelength, we examined the high frequency solu-
tion of simple objects to determine whether unusual radar echioes
can be predicted and better interpreted. We used diclectric eylin-
ders because an exact analytical solution exists for computing
their radar cross-sections [20]. 1n principle, highly depolarized
signals could yesult from 180° bhase ghifts between 11 aad VV,
i.e. internal reflections within the icy cylinders. Although ice
layers and ice pipes are aot cylinders, it is a first-order approx-
imation that incor porates their dielectric propertics, differences
in size along perpendicular directions, and principal dimensions
larger than the radar wavelength. From the numerical solution
for one cylinder, we generated the response from a distribution of
eylinder by apPlyiug a rotation Watriy of uniform distribution
inangle to the scattering matrix from one cylinder, and inco-
herently added the rcturns from different eylinders, When the
diclectric contrast between the cylinders and the matrix is low,
for a large nuinber of a/A values, we found that ¢y v+ = 180°,
jir, > 0.5 and ¢ > 1(¥ig. 5). By averaging the radar returns
from a distribution of cylinders about 20-30 cinin sire, we ob-
tain gy, > 037, p > 1.4, and radar reflectivities c-lose to O dB
as observed for Greenland. The advantage of this modeling ap-
proach compared to the colierent backscatter theory is to provide
a more readily understood interpretation of the radar echioes and
a model that is casily invertible.

CONCIUSIONS

Monitoring the percolation facies using SAR could be of consid-
crable importa nce. The Greenland percolation zone extends over
a large range of latitudes andprovides one of the most siguificant
land bodies that could reveal climatic and hydrologic trends in
the Arctic. The large contrast in radar backscatter between the
pereolation zoue and thesurrounding snow 7,0110s, and the fine
resolution of SARsshould permit the fine monitoring of
horizontal shifts in the boundaries of the percolation zone that
probably 110 otherinstrumentcan detect. The p ercolation zone
defines critical hydrological limits y}epe nlcit-water re-freczesin
place instead of being re-distributed in the ocean waters as in the
soaked-suow and ablation zones. Measuring the volume of melt-
water stored in the percolation zoue each surmner from SAR data
is essential to iinprove current estimates of the mass balance of
Greenland [16]. Our results arc encouraging that multi-channel
SARinstruments could estimate this icc-water volume. Further-
more, monitoring of the percolation facies with SAR could pro

vide a more seusitive detection of spatial and temporal changes
in the strength sumnmer melting than that provided by monitor-

ing changes in surface clevationmeasured by altimeters because
melting inthe dry saow zone will probably firstincrease thearcal
extent of the percolation zone [16].
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Figure 1.Map of Greenland showing the 4 snow zones de-
fined by Benson (8), the flight track of ATRSAR (continuous thick
line),icesheet elevation contours (dashed line), and the location
of the Swim Camp, Crawford Point, and the GISP 11 site. Mclt-
ing rarely occurs in the dry-s now zone; forms massive, buried,
solid-ice inclusionsinthe percolation zore; saturates thesnow
with liquid water inthe soaked snow- zone; and removes the sca-
sonal snow coverand ablates the glacier iceinthe ablation zone.
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11 site. Model predictions (dotted lines) for scattering from a half-space of
dry snow using the radar backscattermodel of J.C.Shi, UCSB. The snow
teperature is-10°C, the ice fraction is 0.349 (suow density is 0.32 g/cm®),
the graindiameter is0.2 40.05111111 [6] andtheair-snow interface hasarms
height of 0.78 cinanda correlation length of 13.8 cin.
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Figure 3. C-band VV inr-
age of scene3152acquiredby
Al RSAR in the soaked-snow
zone, west of the Swiss camp.
ATRSAR isflying from right
to left,looking to its left.
Near. Tange is on top. The
imagedregion is 10 km by
10kmin size,

Figure 4. Points for extraterres
trial targets arc averages of disk.
integrated measurcinents at various
subradar longitudes. l)isc-resolved

... | echospectra, which arc equivalent to

brightness scans through a dit paral-
I lel to the projected spin vector, show
hardly any variation in ¢ across the

satellite discs. For Greenland, points
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radar scatterin, fron discrete, dicleetric

cylinders emb edded in a lossy medium for diflerent values of the relative
diameter a/A of thecylinders. The relative dielectric coustant of the icy
cylinders in dry suow is 1.7. The cylinders arc assumed 1 minlength,
with 5 cylinders per square mcter. ¢4, is proportional to tl, ¢ square of
thelength of the cylinders, and to the density of cylinders; whereas g, and
pic: only depend on a/A. The model results indicate that the ice- bodies arc
shout 20-30 cmindiameter, 1 mminlength, with adensity of §cylinders
per square meter.



